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/ -5*^ ?) ;y~X %)Ktt;-r § X -r >y y i: . 

mmmm^^^tm i fi^^^*-r?>xx>y7'i:. 

/'?rtJi:fe5;«fX©miH«*, MtaaiPSI^/^^l^T^^F^ 
DZ-d^cO^ 2 l^j^T'tDHutBU ■tf-/^rttCfe5MfH**X© 

m$n/-c;^'xtDiii^M«%gaiLT. 

^ 2 -iJrS xx i: . 

wiUf^ 1 «#i:^2«^i:*ltt^LT. Mi&f$nfc«l[IE 
«^^fg*5H±^Xx-y/i:, ^e^^Tjffio 
[»*^2] Mieu-9"-/WAPIllll/Vi':;^>&*LT 
feO. HufB;*fXj^A\ 

i;Tv>5ratc. Hi[feuif-A;&Hffie;^xT?t«-r5<: 
trrffiAPPSit/vi/y^F^-rscifc. 

mim. 3 ] BMiB^^jx (Dmm'm i ks^^huib^ i 

T% HufBm2a«*^H5IB^2^j^T\ SuEU 1f-/'?rtO 
HiJfB;^x<7)SSi:JE:^;&pJ^-r5 c i:tc<}: o T^n^n 
}*^^ni.lS*3l 1 {cfB^(D;^ao 
[fi^^S 4 ] H>l8B;9XjjSt;&1^m-r SMIBX-r -y 
Hi}fB$'Jt»/^;l/:/<DTjJftflfiiiSli:BHg5 nfc^ U 7 f X£D± 

[W««5] BgtB;^Xj5?i;&1^m-r^B5fBXx-y7'*^ 
Sii«!;^i:TjJS%^i:THatB:<?XOEE:^^aiJ^-r5 

HulBM»f^tircl5IEfi^^^*f i>X7^ 



HulBKIE{I^*^^fi)c?nSW«« 1 tcfBtt©75r}So 
[»^«8] ;9XjjitW73j£-(?35oT, 

1 [alKtcJI^^LT. ffiit!ffi}jSnA:bM^*%afe$-a-SX 

-j-zx^-ox. mmm.mfmm^i3\ ;«fxu-!f-/^-F8S 

BUIBU if->'^%;^J"XT3tJW-r Xx ^Tfe o T. ffifB 

ytf-zw, sEa]®§«. xnmm^^)vy-B!.xSi^nmm 

/Vl/r^*L, MiBAPll8tM;U^A^M#fioftff|BtUp 

psgi/ ^71^^*^^ i; T v^-s rate HufB3t«*^iiff ^ X 7^ 

HulB?t«Xx-y 7'fIlCHulBAPPilStA;l'>^*gfl D-SXt" 

fJSBU •'f'-/^f^©HfiiE;9"X(7)ffitli:SJe^jl']^LT. Srf 
fBU1f-A[^cDMIB;<JXiOm 1 Ka^g^^-r^XT^^yT' 
i:. 

BulBHlPliSli/^;!/:/*^ 1 ^^T'F^V^T. H>fiB:<fX;g:M 
IBjJKSSF^tiiSJitB-r ^ Xt- -y T'T-^ o T. fluBBrJltSSA^BUiB 
j5ft«*JSllA;l/ :/<DT»l{c BBa^nfc;^- U y -1- X%* LT 
V>§X7^>y:/i:. 

HufB?jSiSS*ii5 MIB/??X(DjJit«^$iJj9-r S X5^ >y 

mmii^umm.^'^)vy^m 2 b^^&t-f^ x-r -y T^i:. 

flijIBU ■lf-/^rttOtfilB;«i'X(Dl| 2 ?>^c46lc 
HulB U 1f'->'^rt<DHij|B;y'XcDiI:ti i:?gJS^jfliJS-r § X-7^ 
-y:^i:, 

MIB^ 1 BtiS i: HijfB^ 2 Bf .d^cDBgcD^WP^lC tifc^Xwl 

mFf\mm.nxtsim^m!^-r^ c ^ tc j; o t. huib u 

-/^*^5.555ltiS-r-<#>9'X(7)ma««^»aiLT. KmM 

nm^^-tm 1 ©#*5g^-r5xxy:/i:, 

HijlB U •*f-/^rt<DtijlB;^'X(DmflBm 1 K«i:MsBII 2 K 

nfc;^x(DSi^M^st^ mmMM^frs-rm 2 « 
^^^Sf SXx>y:/i:. 

fi^^fg^fe^-tJ-SXx-yT'i:. 
HiifB}Jita%S<J®-r -5 Xt^ -y 

i: HulB^iS^^ U 7 ^ X<DraT'wjfB;?X©8iitt 

HulB«5PJSi?iiSfi#^Mf B««iE}?lin A:^€^ Jt^B? L 

lijfB^J'^ft^tc fSg L T HfllBjJfiaSiJail/ ^vl':/ 0/ :?-FJ 
iS«:iag?5LT. Hul2;'!fX©i^t«**"Jlii-r5cii:, 
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X n - h fuB^^f -i^ ^ T ^ ^ i X- ^ tcMiaSijauM 
[iS*^l 1] Hfii2M»r^nfclSiE«^%?g^$-»i:5 

t>*mSiJiinA:b<^)«#tcfS^ LTMIBiSflEM^^iSg^-r 
1 4 {cfB«©^X}jft$iJffl)^«o 

1 6 ] mmm s m^*'? p i d n v f p-^^st 
fit ^-5ii*]a 1 4 icmm<Dij:x,mMmmmo 

1 4 fcfB®iD;)!/Xgi!^Jgil^So 



im^m 1 8 ] tfilBH:'DjBiJ^^g3b^SE;'3tt^{i^ 5W 
1 4 ^C|B«c^D;^J'X^5^tffilJfflI^«<, 

x-^»;gr#tfW^«l 4 lcgB«<0;?fXj?ii^J^^Mo 

im^m 2 0 ] mftB;?fxMn-t y^ti^mtitf^m^^ 
m^m 1 4 tciBKoj^'xijSisijpsao 
m^m 2 1 ] SuiB^ 3 mm\ mmmmmnxtjm 

1 4 {C|B«JCD;9-X»itMffl)Sgo 

2 2 ] HulB;yx;g:HUia;9-XgSeS*^ SMilSfM 

Sfc:46©H$IB¥gS7b'«K2S4<>7'^^ty»*«2 2 tc|B«( 
[00 0 1] 

;9XcDjMm^SfJffli-r ^ /c46<D g ae?iE^l!j6^;«"Xj3St*fJ® 
[0 0 0 2] 

[fgB^<7D^«] #<tOII86^7'n-bXTfi, -Kffli^tDif 
RfftcJM(±S$ni)1f ^S«<7);y'X ii :^-XrM-g-{*;?:S[)t'S:W 

^f^^aax'ti, ^Sii*7'/WX«Di[if^^fcMai^n5;«f 

^^ift{-^tD¥a»i*xV^'i'xi7)3ijgA^ti-r{conT. $ 

onr, '^tsf-^toi»i^f*:7'/^-i'x(Dii{'^^3^gB-rs»s 

X<DZ-4^x^^-vA^3-9-:/^^a>X'y-;l' (three 
submicron scale) *}g|tcT*^^ ^2ii*ISW«, 
^®ffl<D;«jrx%:^a-bX^-\'>>'<?{C33tl±l-r?>fc46<D^ J: 

t«ya-bX^-\' >/^'\cO;yxcr)jMl±ifi:Ba LTittB^f 

T- # 5 c t ^ n^c (/ >o 

[0 0 0 3] i|i«i*::7'a-bX^-\'>/^lc:<fX*33IHJ-r« 

(MFC) <7)ffiffl%^tyo 0 1 ti. i37.m^UU-t:^if 

i6{c<$ffl^n5t!e*stri<DKffl«i«3>hn-^ (mf 
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(seem) (DmmiST. (N2 ) 3g::/n-b7.^-r > 
[0 0 0 4] ;^XM%*iJ8frSfc46{C. MFCtCj:o 

-r^-^x 1 2 0 i:ora-e;^'X!j^*^53-fij^n 

-So MFC(C<fcoT> :ff7.mit. 2 

o^aoTSsnr. — g|5^)-*^-ir>-9- 1 i o^jioTSsn 

[0 0 0 5] M«!5lt*(i-tr>-9- 1 1 OT'SiJ^^n-So 
XjJii*'«t:-:Sf3^;b i i 1 ^feiijg-T § i: . ;y 

X«^%*&oT, *n^fc-^n-i';I/ i i 2 

rniit TS-5^*o X t J; S |^cD«j# tt 2 <B<D n 
SJtM^fg^^-lirSo n^*;!/! i i i:3Y;H i 2 {±*^ 

(RTD) t.LXi>m<o *^<LT. :VXti^=i^)l'l 1 
1 fc=3-r;H 1 ZOMfcjjSnSi:. rn';l/i i i 

;i/i 1 2F^(?:)S)g^{l:*^M^^nT. MFC$iJffli^ei 

[0 0 0 6] ?ajSMA^SiJ^$nT!|t^;^fX<0tgB8M«M 

«*^r5^46p>n^i:. um^mi 3 otcioTStjsn/vi/^ 
1 4 OfDfiSA'iiigis^n^o <5iffl^ni)!^^;yx(c^t-r 

;i/:7i 4 o©{iiH*^K^^ni.o 

[0 0 0 7] :/a-{rX^^>/^tc#^HB£r):«'X^3Mm 

MiST3&?.o MFCa^ffi, l|S«J5%)|«iSU"^;I/T, 51^ 
tO«[iEi?lt«© 4 0-80 %T'ae-r <5 i 3 iC^ft^tlT 
V>§„ ^J;^{f^ 1 0 0 s c c mtDgft*T-t5iE$nfcN2 
ffl©MF CtCOl/>T{±. ±m(D^dlC. ^(Dlt^MFC 
{i4 0 — 8 0 s c cm<Di5H©Sitl1?N2 ^i^a-TS j; 
5fC|gti-^nTV>So Mfe4 0 — 8 0%<DlSfflnT-{i. 

X*^/2SSi:$n5o 

[0 0 0 8] MF CtC#3*>5— OiDBaSfi. ^n?)© 

%^^-rSfeA6{C. *KSO«!IEJ»it®©4 0-8 0%T'S 

[0 0 0 9] MFCtC#3. i>=y—0<Dm^li. ±^0) 
T'a-trXfcfel^T, :/a-bX^-vy/W©;!!fX<^>»iin*^ 

ffliif. !t#^Pv't!ffl<D:yx<D-r^T^-/a-fcrX^-v>' 
mb, >''n-bx<D||tJt)fc;tfX<0:^a5^%7'a-tX^^ 



6 do ^©{-ttji^tc. ;«'x^7'n-trx^^>'/^tc. mm 

[0 0 10] m(Dysiiitmmi)^i^m}^(DmpfHc:»x:^m 

^Rff'NO :^"XiMttJ ^$fjffll-r i60-9§W^73 ffiTfe 
So mzic, y-i"— hV^-y^^yhP— 72 3 OcD^r# 

TT-Rr^jjii«M;i':/2 1 o^^mt^^mm^j:m^t^m 

$ijeil^i^2 3 4 (C)SS:bT/^;U:/2 1 OCQXa 

3 4 It. mm.mtixttm^2 a e i:Mi'j^i3ftn{g^2 2 

T'ay^A^nrcya-bX US/ tf*^5)*i#t^nSo S^S'J 

^i?sn{i^2 2 oti. Bi^j^aM;i'r2 1 ocDTmrnj^ 

[0011] mmt>mm-r^t. ^^mm^w-fz 1 0 
<Dm.ti^m (cv ) {±. )Bffi^±sa!f^cDtitip*^i^H-e^ 
fk-rso ??itaiij^^S2 2 ooai:'3m#2 3 e 

n^mcv (omtt rK'J7hj 

S§®«fi*<gT$-a:5c}:dfcf^ffl-rSo ^OiK*. 31 

ffF^Wlg^H ic «o fc 46 {c , B#P^ CD ;b^*^ § BS^iE^HIR 
*«^tc||)5S-ri)C:i:*'if.Si:-rSo ^®J;5^t!?IE# 

:ra-irxi^c±^ra^fe/j:e.-ri:«fc^o¥)ii©ii 

[0 0 12] LT. /£v-ttl6<]i5HlCt3fcoTi««]S 
T% ;«fX}jft*®a^Kf«:jMtilT'#57]iii:^e*'«iKJ^i: 

[0 0 13] 

[flWOilS] U1f-/^A^64^20i*7°D-bX^^>'yW 
©;flrx<D3Mm%*fJffli-rsfc4i)CO??ffii:^®>&PJ^-r5o 

;yx-e5£«$ni)o V '>f-.'^f^(0:f}x(D^mti±t]t)m\ 

^•iEtir. U-9'-/^F«9fcfe5;efX<7)«JWH«*^^46e.n 

So U+f yn-feX^-vy/^'NCD;^jXjJft(±v j5?tM 
*J®-9--#;l/-7' (j?5t**'J^lH)SS) i:l$IE-9— 
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CO 0 1 4] mMl!^taT^?sn^p»1^^&•r stifle J; oT. 

Co 0 1 5] jJi!n%i^T-ri)Jg^tcJ:oT. 'J-lf-^^ffi 

+)'-/^F«9(D;?fX©«l9]i:«f^©Ma*^^*^5i:. U ^f- 
5) y o -t X^ ^ >Mrt-x«iHi^ n^S ;^'XtO^^Sil 

%i37.<off\mm.mt. uif-/^j!)^C)»m^n/'c;!fx<DSi 
7 L fc -b X X X -y :/ic^tt-r maijsiatc?^ ts-r § m. 



■r ?. fci6tC§ -bX Ui/ bf Xt^ T/fD^TB^tcMlf^ 
ni)o U^X. g3«JiE{i. «6ttc«*^nfc;9'XK«fil 
tciS^Lxy-f :/|5igS^^jiSfiI?:SSM»T-r S c i: J: 

coo 1 6] *5eH^(D, t d— D«^)5|ffiaiTfi. u-if 
-^^mPlll|/Vl/^cDT?SS{cB2S^nfc;?3X}sStS§*\ U 
■»f-/^*^e.cD;<fXO]BlttllC^iz:oTMJEi^fM^n-5o ?^ 

coo 1 7] *5§B^«DM^^1f@^i:?im«T8BOi¥19fl^ 
Coo 1 8] «?iJi:LT}^M<D0S-e^^n5 
Co 0 1 9] 

aH%iB«c-r-i)o L*^L^*^e.> an^tca. ^^mn^m. 

^ll^:&5>(±\ C<7DJ;5%iiB^{i#^-S»i^W 
i&tOT-^oT. 3|s:58B^(D»^«0-r^t(DT-^V^C 

CO 0 2 0] msii. :$:mMmmx^^^^xmtiimm. 
3oo(Dismmmx^^. -mmmmx\ m.^(Dmm^ 

W-rS U-f-z^a 5 0*>5>}Jlt«*Jffll/^;I/r 3 5 6 t;i-U 

:7^X3 6 0i:*#ty:^'Xr5ftSSrt{c;^j'X^]K[|±l-r^ci: 
lcJ:oT. ^©i*:/a-bX^-vy/^lc:/a-trX;y'X*^iM 

tusn^o sa^iE^ifte*);9xij?i*ijffl)[5iss3 0 ui. g 
e«rji5;^x}3S«r*ijsii-r5fci6(c. mmmw^fvyr^ 

to^S3 5 8Jg:, *fX}JitKrtt^ttT, SH^SriioTjjS 
n§;*fxcDJI:>3^3fU7f X3 6 0<o±m.i^j^xW\-^T 
5c ;i-U7f X3 6 0^ji5;9'X??itA^eg^4^^ (-T^t) 

tm.^ *iJ7-rX^jl5^XiDijg«fcM<5&-r5o ^■'O* 
^f±, j)WS*rx8!iM«. JE:^^ttH^@3 5 B-eaiJ^^n 
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[0 0 2 1] uif'-/^3 5 oti. xnmm^'^^iys 5 2 

i:tbP|i|||l«|/^;l/:''3 5 4 t^-^tSo :»:^li±ijXM3 9 
0*^6Uif— 5 OtciMtH^nSo TSrx^, ;<3fXM3 
9 0*-'5.U-*f— /^3 5 O^/1-LT^^n-bX^-f V/S^S 6 

/V';></^X>'^;l/7"3 8 0^^>LT:/n-trXf^-\'>/^3 6 
6fC3^tl3LTfeJ;v>o U1f-/'?3 5 oa. U "tf-^'^l^ti: 

w\^mm3 1 4 i:ffi:»3jsij^sa3 i e t^gr-^tjo -^iss 
mmic^f^^T. '&mmm^m3 1 4«. 
9f^m^?>mmMm&timiii^m3 1 e^grmso u-<f 
-M-3 5 o{Hcoi^mtf^t}^m&-r:i,rc>i>(D^ti<Dmm 

^^^mo:>=i>-ty^hicU-or^mi:^^ctici3EM^ 

^2m±<IfflT'*§(li:fc^^T-^§o io^T, U-tf 
-/^3 5 0©:*:^$ {cJ:oT{±. Sjetffi 

[0 0 2 2] mmmm^vv:r3 6 2i3^:9xmtiimmmm 
rtfc^^nxfcOx :^xmmmmf:/^-iz7.^-?y/%3 

M3 6 5*V^;l':73 5 4 i: 3 5 6 tor^T';^XjMm^« 
mtlT^fi^^ (flow spikes) JSr«/jN{c-r5o /Vl/^S 

6 4^ffli^T, KSii3 6 5t^:ff7.mtiimmt>^^mm-^ 

nTV>5o -^SiiSffilcfcv^T. «^i!i3 6 5{iM^>1< 

l^fflT'tSo M^W.3 6 5l±, >'^;l/r3 5 4 i: 3 5 6W 
JbV X^ili^A;l/y3 5 4 i;/^;l/:/3 6 2 M<DffilcOil!! 

[0 0 2 3] ij+f— /^S 5 0/)^e):/D-feXf=-v>'/^3 6 
6'NO;<f>;j5S«, SBKOEieidWSiiaSiJfflllHlSSS 0 1 1 
*Jffll*n5pr^i!S«*JSiI/^;l/r3 5 6{C<!:oTlh«$n 



>-J-Ob-:/ (iJSt«W#le]SS) 3 0 8 i:«?IE-9— 

)\yy3 5 6ofi[g{i, sijii#^3 1 o^mmmmmi^3 

0 8A''?>Stt®[5T^^aX-^3 5 7t.toT^<b$ 
[0 0 2 4] 3js:||B^tcJ;n{f. U-*f->'^3 5 0«, T'o 

St»i®Sffl^Wr5Uif-A3 5 0{*. aiPlffl8i/^;l/:r 

3 5 4^mi:-rxamm/viy3 5 2^f^< ci:(cj;o 

fcm.. APiiiill/vi/:/3 5 2 3b^p^i;?)n^o i^tc uif 
tf X 7^ >y •:fa:>mm\z. ^)^-j%n\c^^ ^'x cD^T] 

?*^^n§o Sje<^t±J^B3 1 4(±. illS|5]^3 2 2^^ 

jE:'3l^(±SSS3 1 6{i, c:ntlHlK3 2 2'\<7)A^Ji:b 

T1$ffl$n^ff±;{i^3 2 0%|g^$-<J:S„ -b>+)-3 1 

4 3 1 6A^e>wwsjs«^3 1 8 }lm'm£tim^3 2 

0^§ltS;^i:> [H1SS3 2 2{CJ:oT, ;<fX(Om^73S 
ie*^IoTU1f-/^3 5 0F«9{CfeS;??X©t]WSS*^}* 

[0 0 2 5] 7'a-bX;y'X(i. Pi^M;l/r3 5 4 3 6 
2 ^F^u^T 'J if-/^ 3 5 0 *^ e.(D;«'X^]5j(m-r § <: i: ti: 
J;oT, ^^://^3 6 eicjM/lsiSnSo :/a-fex^^>' 

/^JE:^{i. U tf-/^ 3 5 0 niST^^Eti^ <D tfgffim^tt 
fe-So ti^oT. /^;l/:/3 5 4 i:3 6 2^P^< (li:lCj;o 
T. :^xm.lt. SJ^/^^l/t/S 5 6i:;tU7-i'X3 6 0^ 

jioT:/n-tix^^>'>'^3 6 6{cio]ite)4a5o j^asijffl) 

•9--.-p;l/-7'3 0 s^fflv^T. MaiJ^;y'x}^a{l^ 3 3 

0 1. m.mEmm.mnxtim^3 o e tiocssLTj^ta 

)S-r'i>;y'x(Dj5ii«tc^^-r§c -iDSsm^fcfct^T. ee 
;'3^msH3 5 8xm^i^rcj±tit:V7.mmtcDm(Dm 
mii^Mit-tEtir. ^ u y^T^mmtm^ 332 p^icia 

T^L:/c:i£:^j{i^3 2 8*^ [alSS 3 3 2 'NWAti i: LT 
^ffl$ni>o 0883 3 2tC<J;cT. 3 2 8 75)% 

mmum-*)—:^- 3 o s '\<DA:ti t UTij < *s»i^»snM 

^33 oic^m^n^o mmiEmmmnxt)m^3 0 e 
fi, y-r >ihiss 3 0 4 {c i o Tssasfjiint— 4-' 3 0 8 (c 
mn-^n^o m2i£timtiimm3 7 on. m4ic^.-r^ 

dfc. ;i-U:7^'X3 6 0©T})ii%^tciBB^tiTfeJ: 

v^o c:(D<i;3ti:LT. :t U :7 ^ X 3 6 o <-M/E*^85i 

^^nr. ^^3 3 2-\<DXtitLri^m-^tim^. c 

<DJ:r>f3:mt^Bmr\ IhIK3 3 2tC<J;oT, MBEfi^3 
7 2{i, »iia$ijaii-9--.-}<3 0 8'N<^>A:'3i: LTf9:jiO*6 
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[0 0 2 6] mMWimTmrL^m^'t^^inz^^r. 
pmmtixtimn 302 ymm 304 (c*i#±*n 
§0 y-ryiEisS3 0 4{i. tSiE-y— .■K;i'-:/3 2 6*^?. 

3 0 6 ^mmm^-^r^^i'—zfs 0 s ^coxti t\^x 
fSitOo MKiEmiijjitnA:']^^ 3 0 6 ^^im?> t. 

WmUm-^-t^?l--f3 08 fi. ■®^306t330i: 

i6<Dmmm^3 1 o^n^^-iiSo 

[0 0 2 7] :^P'feXL'>'tfx-7^'y:/*^^T-r5i:. u 

+f— /^3 5 0A>e>:/a-bX^-V'>/^3 6 6^(0:»7sm. 

It. utP-^aiPiisiii/vi/ys 5 4 tmmmm/'^jiy3 
6 2^mi:^^ctic^-oT^T-isn^o uif-/^3 5o 
f*3 ^ 5 *rx t mt] ttmxsm&s tix . v if-/ ^ 

^ffifi. ^SiSl^mgSS 1 4 i:i±:^1^aiSS3 i 6 tic 
J;oT»&nSc Ulf->'^3 5 OF«itc^S:firx<D«*IM 
«{i|5iK3 2 2ti:J;oT^tH^n5o IhI{^3 2 2tc<}:o 

t *'«it«^ ^ txT , U tf 7. -r -y y^'t' tc U -^f -/ ^ 5> S5f ai 

■iEn^:ff:f.(ommnm^m-riiitjm^3 2 4*^fi^$n 
5o 3 5 4 1 3 6 2 tmcamt^mm^ic^pM 

«?Jil«<D»-a-{i. /VI/:/ 3 5 4 i:/Vl/:/3 6 2 i:W€)BB 

^V>fc5-5o «^3 2 4{i®iE-9--;J?;U-:/3 2 S'xO 
[0 0 2 8] Uv'tfXT^ yycfJtCU-'f— /^3 5 0 

FBl{ct5fcoTmSj^nA:']fi^3 0 2^M5^-r§e: tic 
.fcOSi^^n^o «^(H]SS3 3 4(i«^*i^**tTL 

#;?fX03fSfl^g-rM^3 3 6^^^$-a:S„ Ulf- 

/^*>?))!*fcB-r'^f?;^xomsa (m^3 3 6) t. u-if 

->'^A^e>)J5[tB$n/-c;^XcO||^Kffl ((1^3 2 4) 
ttmc^^X. «?IE-9— ;l?;U-7'3 2 6lcj;oTi^S^ 
nSMiE/«8lE«#3 0 3*^}*i6P.n5o -SISfiJKffitc 
^V^T, «?IE-9— 4-';l/-7'3 2 6 tiirkfiaM^JS^)- (P I 
D) uiyha-^:^m^Xl^^^ mTE.m^3 0 3ltY-f 

y^^3 0 4-\(DxtitLx^m-^rix. i^^^jLtc 



§o !i¥oT> gSilSiEtt, iW5St^*^nfc;<fXHaffl[t 

^£:^ Lxy-r ymmm^}^m^^mm.mr^ d i: j; o 
^ ^ ^^iMm ^ n 5 ;^'x (DH^Ka^st^-r ^tc . 

{i. >?fxiMttJ^§tt*6©*6^e*iT'i!feiz:Lfc:»qii:LTfS 

xL-Do m^i£. :tvy^x3 6 0 tmmMWvizr3 5 

WMx\ mm(Dm^tmcmtt^cttim^nxi^^ 
li. mmcommtnic. ?^n-9— #;p-:/3 0 sows 

^it'&ALtzmsmiE'^i».^vi^x^^(Dx\ 

ti. MFC ^<Dffitj¥*^}7ftM$ir«i^B^<^ffl LTtf ?.n 
fe{i5*^tci^it»jK-r-;9'xgSi«^*iJffli-r^ftl:'a 

a. u^cDm.mMmmm(Dmwimmii 10/1 ^("ft^ 

§0 200/1 J-;^±OlEHOS!)6q^iBA\ :*:fgB3©y9~X 

[0 0 2 9] — g|5(7D<^jT-a. U-9-°-/^3 5 O^/^-T/^X 

(i'Jtf-/VW/^X/VI/>^3 8 o^aOs SfJfflI/Vl/:/3 
5 6^/^LT•/a•trX^^V>'^3 6 6 tciSitBLTfe J: 

u-tf— /^s 5 o^/^-r/^x-r?) t^ti. mcm-h^n 
fci^wm^mmm^^^ trnci^m lx. mmu 
m^'^}vy3 5 6^m^:ff:^m^mm-t^o 
[0 0 3 0] ±^(Dmmxii. ^B.^s.^mffjm.mmm 
gM3 0 1 :s:r^^icmmLxmi'fLxmmiEmmm'm 

fs:\,^cii^m^-^nrci^\ m^i£. fif3i$©«^/ii^^x 

-Cy^ly^'^mt^lltMcDVV -y KXx- hv^-i/a^a 

h'^xT;L'-^>. ya^'^-^y;lyjs-\i<y 
xZX(i«ffllHiSS, tb;'3{l^y'>:/, IBti^ ^: U 

A.T-tj;i/>o -mmmmicisi^x. wmmmso n*. 
zfu-txifxicm-r^niEmmt. uif-^^js 5 o^ic 
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■«f-/^dbp|iijst/^;i/>^3 5 4. mmmm^vi^ys 6 2. 

giJcD^iJ^geit J; o T Sifter tcftRjT^ c i: t gH^ T- 

fe^^o -*)!im^ic*5v^T. ^jfflgH3o i{±. mm 

/^;l/^3 5 6 tnic^ APSISI/Vl/^3 5 2 fcttiPfiliat 

/^tvys 5 4 i^^^n^wtw^-tir^o 

S ±f J; d X ©MS^SJ^-r «g>M« % 

[0032] :t 'J 7^X360 0-»t-rX\ gft«SiJffll>' ^^l/ 
y^356cDXP-h (i^nSiM) &tfU1f- 
/^3 5 O^+J-^rXfi. «^XiMtll^g<D!|t^(D)JSnSfl=ti: 

\y'y tf S*ti^ ±?^^ U :7 ^ X 3 6 0 <D{4«T' 2—10 

So 5i-'J:7^'X±iitTJEE:^%$iJffli-r-5iii:tcj;-3T. =1. 

[0 0 3 3] laeti, 2^f8B^(Cck^yn-feXU5/tfXT- 
^yyttitc. 'J1f— ^^3 5 0A^6):/n-bX^-V V/^3 6 6 

-^•v-h^^-To yn-fexu>-ex7^-y:/*^F»i^$n 
§ t. mmmtixtim^ 302 .tsjiEfi^ 3 0 e 
mmm^^3o 8 icmmt nr. WMnEmmmtixtim 
^3 1 o;^3^-^4^n5o miiEmm.m.nxtim^3 1 0 

®Sl^i:|W|^X«^niC'>L^jioTU-+f-/^3 5 0*^ 
5t«^n. U1f-^^rtO;9XcOig]StJI;^A^. U-ff-/*? 

^3 0 8{CJ;oT$fJffllfi#A^}jSt«*<J1il>'^;b:/3 5 6lzm 
/^3 5 0*^5.yp-trX^-V>''^3 6 6'N©;«'XjJSfi, U 

if-/^mppifst/vi/r 3 5 4 tmmmm^^jiyys ezt 

U 71- X 3 6 0CD±jjSll&^ST';?fXcDJ±:^*1^l|il-r^ C i: 

osicmm-iEti^. :;^a-txix->trx7^-y:/*^^7-r§ 

i:, U-y*— /^S 5 0A^?>:/n-bX^-\'>'/^3 6 G'NCD;^ 



cticx-oxi^^-^n^. :k^^x\ u-9'-^s7b^e.S5(tij^ 
nfc;^"x(D^^H«*\ wmnmimt^ibm^^nmim 

-/-^S 5 0A^5.^)'ie$nfc;y'XtD||^SMOj*S{cMM 
LT. l'>^^TLfclx>'t;X7^'y7"lcS*^n?);^"X© 

pf\mnmti\ uif-/^3 5 o*^?>:/n-trx^^v/^3 e 
m^t^'iticjii-^xtmm-^ri^o commitmm. 

^'XS*{i^3 3 6^fil^fe-r-Stt^[HlSg3 3 4tC<i:oT 
lltf:^tl§o mS;«'XK«{i^3 3 6 tiSJlElelSS 3 2 6 
'\cDX:^i:LTfetSjiT?)n5o «^3 2 4 i: 3 3 6 ^ 
SttgX^i:. e^IElHl^ 3 2 6 Mff$nfc^H$5lE^ 

m^m^Lx. {8^3 2 4 i: 3 3 6 (Dmmtmcm^.f 

S^iE{i#3 0 3^«^^-y:5c Mi»T^n/ct!?iEffl^3 

0 3«i^fc, ^^«o:^a-bx^'>trx7"-y:/T'i^ffl$n 
T, mMi!snA:^3«^3 0 2A\ mniEmm^txxtim 

#3 0 6{Ciigi5$nSc 

[0 0 3 4] -llSfiJg^8^c*5v^T> Pi^/Vi/:r3 5 4 i: 
3 6 2©P5tcBBH^nfc:^fX33iai^g3 0 0<D— 
U^f— /^3 5 0 7b^P)^-v>/'S3 6 6'N<D;yxSiiOBHil&lC 

^SMtDMffiJ^fma. ^■«->>'|iail6/^7i/:/3 6 4^F^< c 
[0 0 3 5] ±ti<Dmmii.:»7,mmmmt:^mKWiM'S^ 

tl. ^©cfiT;^"XCieta]<DSiMcD>J ^f-AA^P,^— cD;^" 
X?3^^-v^-.;HciMai^ti^o L*^L^A^6.. ^fgR^cT);^" 
XiUmSStt, *-;<jfXiJSa=i>hD-^;&a§;*?X© 

mcD^Tf^^mmLX. yif-MS 5 0A^e.^lS[®;9-X«! 
^-\'^>7l/ 5 7 0 i: 5 7 2 K:ffX:^miii-r^:ff7.m.MM^ 

s^^-To lasfi, irooMjiLfcijitn^-v^^us 7 0 

5 7 2 ^^ty;<fXi!itSiJffll^a^^-r A\ ^^mit^to^ 

i:o^nmmim^-^ti-f. — oJ.;^±(D:/n-trX^^ 
>/^tcSi^^nfdiMiacD;??XjJS^-v^-.;l'>gr#A.T'J:i^ 

[0 0 3 6] m5<ommxii. >''a-bX;flrx*y-'f— 
*^e);*fX755i5^^;t^;b5 7 03^«5 7 2 OMtlAHC^^JX^ 
)5feJ±;-r?.ili:tCd;-:>T. ;^X^'J-^-/^5 5 0*^6^0 
-bX^-W/^5 6 6a*-'5 6 6 b OHn^HC^-n-^^nM 
tb-rsCi:*^T-tSo ;flrxig5 9 0*^^M;>!jfXili (5 9 
0i: 5 9 4) tC<j;oT'J1f-/^5 5 OtC;9'XA^KitB^n 

<lt^<. :<fXj?ii^+;^;l/5 7 0X«5 7 2©Hn7b>^ 
ilLT^X^|pIttSili;*^M$bl/^«^t>fe5o ^©.t 
o (scheme) ^ff^f i> fc U if — y ^-f 
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AX/VUy5 8 0 ail 5 8 0 b A'!;^X3llttJl2ei*IlCi5tt 

e.n?)o ^^7.m.=f-^^^ji'5 7 on. mm/^^i'Zfs s s 

a, m.MMM^'^Jlzr 5 5 6a, mtJ^tH^ms 5 8a, t 
U 7 -C X 5 6 0 a. Rtfmmmm^'^}Vf 5 6 2 a*#tyo 
iHjfiltC, iSxm=f-'f^)l'5 7 2lt. R|gtA;l/-7 5 5 5 
a. mmMm^^;iy5 5 6 b, I±t)^tii^m5 S S b, 
;^-';:7^X5 6 0 b, S^tf^BPS^^^^b:/ 5 6 2 b 

Oai: 5 6 0 h(DTm.i6l}^r'^:ffy(^m.=^^^fl^5 7 0 t. 

5 7 2rttc-g-i6Tfe<J;v^o *|gB^lcJ;n(f, SH^IE^ 
i!)e^;9'Xgit©Jffllil!^ 5 0 UCJcoT, SiJMt^S 1 Oa 
Xti 5 1 0 b*^i!S«$iJfflI''^;l/:r7i'^aX-^i 5 5 7a 
*^5 5 7 b<0^5rnAHC*i«$nT, 7'n-trX^^>'/^5 

6 6aX{±5 6 6 b'\<D:«'X}jiiAN'^n^tliir^^n§o 
[0 0 3 7] UlfW^S 5 0(i, XomW^UyS 5 2 
i:aiPPB8i>'^;l/:/ 5 4 i::Sr^t?o U 1f-/^ 5 5 0 a, V 

JRPJ^SBS 1 4 i:BE:^(pJS^«5 i 6 t^t?o 

[0 0 3 8] 'Jif— >'^5 5 0A-'e>:/a-bX^-\'>>'^5 6 
x-^ 5 5 7alC*JSP:JnfcRl^8it«*iJiai>'^;L':/5 5 6a 

{cjcoTita^n^So 2*ic, ';-»f— /-^s 5 o*^e)yn-fe 

Xf^-V>/^5 6 6 b'\(D;y'XiJS*"iM* Lv^i:#, ;«'Xgii 
ti, r^^^o-x-^f 5 5 7 blc*J®^nfcoj^iJii«*r<ai 
^V\y-75 5 6 btCioTlta^nSo ^0©??S«*J»-9- 
— 4?;!/- 7^5 0 8a, 5 0 8 bA-^IelSS 5 0 1 rtlC^Stl 
Tt50, SiJ®{i^5 1 OaX{±5 1 Ob*, T^^^x 
— 5 5 7aX{±5 5 7 b (C^-n^nif ^LTV^So # 
}jS«SiJW-9--Jl?;l/-:?'5 0 Sat 5 0 8 b«, mST-M 

So jK^U-T'S 0 Sati, e?iE«^5 0 6a 

t^m^:^:^mMm^5 S Oat^A^i: LTSlt«J 

5 2 8a{CJSi;Tfi^5 3 Oa^^g^-T-So 
4<>'l/-7'5 0 8 b a, «IE«^ 5 0 6 b t»J^;y'X?Jft 
«M#5 3 0 bi:*A:^;i:LTStt9j5o jj-'J^-rxsa 
JgftlHlK5 3 2 ba, ISSiJ^JEE:/]^^ 5 2 8 btCiS^L 
Tft^S 3 0 b%«^-ri.o 

[00 3 9] ^^m(D-mmmmic^tn£. tf-/^ 5 

3fE«$n5o BE^^^fflOU-y-z^S 5 0{±, ttJPRSgi 

^viy's 5 4*p^i;TAPfil^/Vb:7 5 5 2*rj^< di: 
tcJ:oT, ;yXT'?t«*nSo Ulf-z^S 5 0*^;yXT' 

?E«*n/-cft, APfiigi/vi/rs 5 23b^p^ue.ni)o 

U-»f-/=?5 5 0rtO:^JXOSjai:E:^i*^PJ^?n 

T , b v- trx 7" <y -fmit^mc u if—/ tc ^ 5 iS7.(om 
mnmMm.^-&r\^o 1 4tc<fcoT, 

WlHiKS 2 2'stOA:tii:LTMffl?n5rS]S«^5 1 8 
*^%^$n5o JE^'aftlffi^HS 1 6tcJ:oT, cntS 
^5 2 2'\©A:tii:LTMffl$n5BE:t;<i^5 2 o*^^ 



^$ni)c -fe^+j-s 1 4 i: 5 1 6 ttt^f^mmuMmm:. 
mtim^5 1 8t 5 2 oi:*^^n^n§itiRp.n?.i;, 

[5ISS5 2 2li:J;oT, ;«'XOm^73ieie%fflV^T, U+f 
-M5 5 OlCfe5:«fXcDW«BS«A\ J*^$nSo 
[0 0 4 0] :/n-bxjyx{±, U^f-z^S 5 0*/>L 

T, :/n-tX^-V>-'^5 6 6a*^5 6 6 bcOfpJtlA^tCjM 

t±iLTcfcv>o ;y'x{±, Uif-^mpPi^/^;!/:/ 

5 5 Ai:i37M^^^)\^5 7 0 tDPB^/^yl/:/ 5 5 5 at 
5 6 2ai:*Bai^T'J1f— /^S 5 0 A^e);flfX*S[tH-r« 

So T'n-trx^-v >'>'^JI;'3i±U->f— -'^5 5 OrtcD:^XJE 

6ai::tU7i'X5 6 Oa*aoT:^n-bX^-v V/^ 5 6 

6ati:ip]lte>nSc f5?i«$<Jffl)^t-JnVI/-7'5 0 Sa^fgffl 

LT, M?sij^;^j'xjjiiBfi^ 5 3 oai:, mwmmn 

Xtim^5 0 6atCf£;CTg5t«*iJP/Vl/:7 5 5 6aC0{4B 

^mmcmm-^^r, ^wx s e oa^jija-rsTtfx 

<7)?55^B*'!^^iJ;^3A^v^i:^{i, ffi±/<^ttl^H5 5 8a 

TjBiM^ns;«'xj±*{i:tU7'^'X5 6 oa^aii-rs 

^B5 5 8aT'«iJ^^n/-c:BE:'3i:, iS7.mMt(Dm(Dm 

mitmmit-^nr. >d-y:7^'x$^jK{tiHisS5 3 2artfc 

afCj:oT^^^n^cJEt:;'3fi^5 2 8a{±, [HlSS5 3 2a 
^<DXtlt.Lrmm-^tl?>o li]K5 3 2alcioTl£:'a 
M# 5 2 8a*^\ j5ft«ftiJSf-9--:4? 5 0 8 a^cD A;^I i: L T 
tSilO^SJBiJ^jjStnfi^ 5 3 OatC^^^nSo ^81t««iEm 
SiiJlinA:'3ffi^ 5 0 6 ati, y 1' >|5IgS 5 0 4 alC cJ; o T 
i?i!««iJffll-9--:P5 0 8aJC|i«^nSo ±E©J:3tC, 
^2ffi;b1^aiSB *, 4-'; 7^X5 6 0a 

*^<-MflE*'«}*^^nTlHl^5 3 2'\<DA;'3i: LT^ffl 
T'#S<J:51C, :tU7^'X5 6 0atDTj5li«!2iSfcBEBL 

3 2 tj;oTStt^5,nT, ^(Dfi^tt, mmmm^- 

# 5 0 8a'\COA:/3 1 LTtS5iOMSiJ^}Jitn«^ 5 3 0a 

ic^gj^nso 

[0 0 4 1] mM.mMr'-:/a-bX=f-^>/'<i5 6 6a^(D 

mti^mtthr^m^ic^-^r. mmiMnxtimm 5 o 2 

aA^'>-V>lil^5 0 4alcil«^nSo MlC iJT.mt'^m 
tl'^^^-Jl^S 7 2*/^LT7'a■feX^i':y>'^5 6 6 btc 
|n]lte,n5J:-5{cM{fti5i:, ®^ 5 0 2 b *<yi' >IhI 
SS5 0 4 btcM«^nSo ;9'X?Jft^-vt^;l/5 7 o^'^U-'f 
-A 5 5 OA^5.©;yX!5n*§ttBJi>J;9{i:®iR^tlS 
t. yf>lH]gS5 0 4a(±$gIE-9--d?;l/-:/5 2 6*^6 
v;l/^P^Ui7-i^-5 0 7*:n'LT«iE«#5 0 3«:§tt^ 

t), mM?jsnA;'7{i^*^ Heit^tifci^*r>;^?xj5fiftt, 
sjiEmaijstnffl^ 5 0 eai: Lrmti^n^o 

b^-9-5 0 7ti, 'J-!f-/^5 5 0*>6?!fX%§t*«JSJ: 
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SS504a*^504b (Di^rLt)^cm^ 5 0 3 *"S(pllt 6^ 
ffll+f-.-nVlz-T'S 0 SatiM^S 0 6ai: 5 3 Oat^it 

(Dmmm^s 1 oatim^-^n^o 

[0 0 4 2] T^n-feXUi/trXT^-yy^^^T-rSi:, U 
if— >'^5 5 0*^?):/n-trX^^>/^5 6 6a^(0:ffxm. 
It. U-9"-AmPPigt/^;l/y5 5 4at^-v^^;l/R|||>'^ 
;U:7 5 5 5aSt>"5 6 Za^^mC^C tlC^-DXmT-^tl 

?>o ssirffi^btojs'j^a^ umti±tj^mmm5 1 4t 

5 1 6tCJ:oTf#5>n^o U-!f— /^5 5 0F*9tcfe§;y"X 

iHigS5 2 2»£:j;cTga^n§o a^s 

J:t«? L T . b tf X -r -y 7°4" {C'J -^f-/ ^ 

f3'lbmtii■^^n:^:»'7.commv.m^m■rtiit}m^ 5 2 4a< 

Sl^^nSo >'^;l/r 5 5 4 at 5 6 2aM(CiBS$nfciB 

(i. ^^>A5 6 6alCjM!i^nfc:^"X£D*^a^?^^ 
i:#tciB«rt{cfe?.;9X<Da*^*«{i^n§cfc ^ tcfll 
^:SnTtJ:i/^o m^5 2 4(±ii!iE-9— jK;1/-:/5 2 6 

[0 0 4 3] lx->tfX7^-y7'43tcU-tf— /^5 5 OfJ^^Wl. 

:/(ftU-lf->'^aiPRIISi/^;I/:r5 5 4a*^ga*^nTV>/c: 

^WF^ttJfcoT. ma^s^^nA*m^ 5 0 23*^5 0 2 

T'P^-y-S 0 5(i. 'J-tf->'^5 5 0 7!)^5>:^'X^Slt3i§ 
<J:5tc31W^nfc;<fX}jft^+^;Hc«fe#LT, «^5 0 
2 a*^ 5 0 2 b OMnsb^^M^IilSS 5 3 4 fciqjtt S .J: 3 

tciiw^nt#^<ii;tT^^„ m^m^5 3 4{iiM5i-«^ 

m^mjL. (.^*^7bfc7'p-bXb'v'krxx'yy4'ti: 

]SJ[ttj-r'^€**xcDma«^^-rM#5 3 e^^^-rso 
uif-/^*^&«jtB-r^^**x<Dma®fi (##5 a 6) 

t. U+r-/^-A^e,«(tB^tifc;^XO^|^Stt ({§^5 2 
4) i:<DJ:b®S(CcfcoT. g?IE+>— 5 2 6 i o 

<tgrtLfcJ:3t, «55iE<i^5 0 3«. 5 
0 7*^>LTy-OIi]gS5 0 4a*>5 0 4 h<DisitxMc 

zeintmm^m^ (P I D) n>hn-^;g:fii^Ti/> 
5o tSOEm^ 5 0 3 ^-yV VlilK 5 0 4 a^(DXil t L 
Tffll^T. V^$^TL/£7'a-bXXx-y7'cDfc46©ma 



4 a«. Mff^nrcK^;^fii^lB1S-r S fci6<DI21i^g 
^•&tyo U-y"— ^^5 5 OA^^yn-tX^-v^MS 6 6 b 
'\0;^'X}^tt[5l1i{i:SiJfflI$n^c, 7'n-trX5^-\'>'^^5 6 

6 bt)\ U-»f-/^5 5 0*^6©/9'XSfi^SttBJ§J;5lC 

5 0 2 b*^»^lilK5 3 4l<:|p]ltP)nT. 

■9-5 0 7tc<j:oTt?iE«^5 0 3 ^^y-l' i^EIgS 5 0 4 b 

[0 0 4 4] :*:^B^O-*)KEm^ti:J:ti{f, ;«7X?Jil*U 
•tf-z^S 5 0*^&— ;^©:«fX»it^^^;l/ (5 7 0X{i5 

7 2) fomm-Stl^t. ^(DfS. ^<D|Bli;:^"X7b-SiJ(D;^ 

M 5 9 0 t^^(Oi}7si3\ U If-z'S 5 5 0 ^/l- LT U 1f- 
^^5 6 6ati:|p]tte>nTV>§W, :«rxag5 9 4*''6.0giJ 

<D;^fX*'«:/n-tX^^>/^5 6 6 bfCjMtU^nTfe J: 
l/^o Blli>'VU:r 5 9 8 *^;^7Xj^PB^/ 5 9 2^59 

Uif— /^5 5 Oi:/^;I/:?'5 9 SA^gflDTv^sra. :«rxjli 
PSg6/^;l/r 5 9 2tiFw1l/>TV^;5o :«"X«. y-9^'-/^ffiP 

mm^'^fi^ys 5 4 t^^^^/i/XPRi^/vL'T's 5 sai: 

*BI< <ii:(cJ:oT, Ulf— /^S 5 0*-'e>jjiin^-v^;I/ 

5 7 0^/1-LT|Bjtt6>n5o ;tfXA^7'a-bX9^-v>/^5 

6 Gaicmta^nr^^^mic. sijo:«'x*^?^n^-v:t-;i' 

5 7 2^/^LT:/'^-bX^•¥>/^5 6 6 bicjiita^n 
So :^X{i, :ff7.mmm^VV:r 5 9 6 i:';-!f-/VW/i 
X-'^;!/^ 5 8 0 bt^^< «ii:Cd;oT. i!S!n^-\'^;l/ 
5 7 2ti:jMtti^ni.o ccDJ;9li:LT. isttn^. jjiin^ 
-\'^-.;l/5 7 0 4: 5 7 2^/^LT7'^-feX^^>'^^5 6 6 
ai: 5 6 6 bfC. ^tX^nm^lC\a}lfT^^\^\ Min^ 
A' 5 7 0 ^SriiS **X}ji!(i, ±fe© g BtgiE«t«W# 
TirafCtAfoTjjSia^J^/Vl/Trs 5 ealCioTfiJ^^n 
T, gStn^-v^-;l^5 7 2^iii):«'X}?ft{±, ^ttcSl^^n/c: 

®[iEfifi^^ioTi5!t«sijii/^;i/;r5 5 6 bic^-oxmm-s 
[0 0 4 5] -mmmmic^^^T. n^ms e 5*^uif 

-AtbPRIgi/^;!/:/ 5 5 4 i:;^x}jii^^;t-.;i/PilgS/^>'l/:/ 

555a. 555b t(Dmx':^xmihi^mmmcm^^-^ 

nri/^So K^ili%ffl(/-'T. ^-\'>'/^5 6 6aA^5 6 6 

b<DHn*^'N<o;^x»s<oF»s<(&jc^tiEoT, ^xmmmm 

ffiW*^P.;9'XR?>VXti^^*^MJESfM?ni)o ^-Vl/T" 
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2. Claims 
What is claimed is: 

1 . A method for controlling a gas flow out of a reservoir of a known 
volume comprising the steps of: 

providing a desired flow Input signal and a calibration signal to a first 
circuit and producing a calibrated flow input signal, 

providing said calibrated flow input signal to a flow control circuit, said flow 
control circuit producing a control signal to a flow control valve located in a gas 
flow path downstream of said reservoir to control said gas flow; 

releasing a gas from said reservoir by opening a reservoir outlet isolation 

valve; 

sensing said gas flow In said gas flow path at a location downstream of 
said flow control valve and provkSng a measured flow signal Indicative thereof to 
said first control circuit; 

calculating a desired mass of gas to be released from said reservoir by 
integratfaig said desired flow input signal over a period of time in which said 
reservoir outlet Isolation valve Is open and producing a first signal indicative 
thefBof; 

calculating an actual mass of gas released from said reservoir by 
comparing a first mass of gas residing in said reservoir at a first time prior to 
opening «aid outlel isolation valve, to a second mass of said gas residing in said 
resenroir at a second time after said output isolation valve is closed, and 
producing a second signal indicative thereof; and 

compering said first and second signals to produce an updated calibration 

signal 
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2. The method of dalm 1 wherein said reservoir has an inlet tsobtion 
valve» said gas flow t>eing protikiced by 

filling said reservoir with said g^s while said iniet Isolation valve is 
open and said outlet isolation smh/e is closed; 
closing said Inlet isolation valve; and 
opening said outlet isolation valve. 

3. The method of claim 1 wherein said first mass and said second 
mass of said gas Is determined by measuring the temperature and pressure of 
said gas in said reservoir at said first and second time, respectively. 

4. The metiiod of claim 1 wherein the step of sensing said gas flow 
includes measuring the pressure of said gas at a point upstream an orifice that Is 
located at a point downstream of said control valve. 

5. The method of claim 1 wherein the step of sensing said gas flow 
includes measuring the pressure of said gas at a point upstream and a point 
downstream of an orifice that is located at a point downstream of said control 
valve. 

6. The method of claim 1 wherein the step of producing said updated 
calibralton signal Is performed by a PID controller. 
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7. The metfiod of claim 1 wherein said calibration signal is produced 
by comparing a plurality of previous first signals with a plurality of corresponding 
second signals and averaging the sum of the comparisons. 

8. A gas flow control method comprising the steps of: 

providing a desired f tow rate input signal representing a desired gas flow 
rate and a calibratton signal to a first drcuit to produce a calibrated flow input 
signal: 

providhg said calibrated flow input signal to a flow control circuit, said flow 
contrc^ circuit proc&icing a control signal to a flow control valve located in a gas 
ftow path downstream of a gas reservoir; 

filling said reservoir with a gas, wherein said reservoir has a known 
volume, an inlet isolation valve, an outlet isolation valve and wherein said step of 
filling is performed while said iniet isolation valvo is open and said outlet Isolation 
vaive Is ctosed; 

closing said Inlet isolation valve after said filling step; 

meaetiring the pressure and temperature of said gas In said reservoir to 
determine a first mass of said gas in said reservoir; 

opensig said outlet isolation valve at a first tone to release said gas into 
said flow path, said flow path having an orifice located downstream of said flow 
control valve; 

controiSng the flow rate of said gas through said flow path« wherein the 
step of controlling said ftow rate ricludes 

measuring thie flow rate of said gas between said control 
valve and said sonic orifice to produce a measured flow rate sigr^al - 
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Indicative thereof and providing said measured flow rate isignal to 
said flow control circuit; 

comparing said measured flow rate signal to said calB)rated 
flow input signal to produce saldxxsntrol ^nal relating to tfils 
comparison; and 

adjusting a valve opening of said flow control valve In response to 
said control signal to control the flow rate of said gas; 
closing said outlet Isolation valve at a second time; 
measuring the pressure and temperature of sard gas in said reservoir to 
determine a second mass of said gas in said reservoir 

calculating a desired mass of gas to be released from said reservoir by 
integrating saki desired flow Input signal over a pisriod of time tietween said first 
time and said second time, and producing a first signal indicative ttiereof; 

detennining an actual mass of gas released from said resen^oir by 
comparing said first mass and said second mass of said gas in said reservoir, 
and producing a second signal indicative thereof; and 

comparing said first and second signals to produce an updated calibration 

signal 

9* The method of claim 8 wtierein the step of measuring the flow rate 
of said gasT iridudes measuring the pressure of said gas at a point upstream said 
orifice- '-My'- 

10. The method of daim 8 whereh the step of adjusting said valve 
opening of said flow control valve includes providing said control signal to an 
actuator tfiat changes a valve throat position in response to said control signal. 



(19) 



1 1-45122 



: P 9 8 AM-0 6 2 f (6/3 4) 

1 1 . The method of daim 8 wherein the step of producing said updated 
calibration signal is performed by a PID controller. 

12. The method of claim 3 wherein said calibration signal is produced 
b/ averaging said updated calibration signal with at least one previously derived 
calibiation signal corresponding to said desired flow irate input signal. 

1 3. The method of claim 8 further comprising the step of evacuating 
said flow path prior to releasing said gas into said flow path. 

1 4. A gas flow control apparatus comprising: 

a reservoir of a known vohane having an inlet isolation vahre and an outlet 
Isolation valve; 

a pressure measuring device for measuring the pressure of a gas in said 
reservoir, said pressure measuring device producing a pressure signal; 

a temperature measuring device for measurrig the temperature of said 
gas in said reservoir, said temperature measuring device producing a 
temperature signal; 

a gas flow control vahfe located in a gas path downstream of said outlet 
isolation valve, said fluid flow control valve controlled by a control signal; 

B^oMOBt located In said gas path downstream of said gas flow control 

vaive; 

a pressure measuring. device that produces an output flow signal indicative 
thereof; 



1 



-45122 



MJa#^ : P 9 8 AM-0 6 2 (7/3 4J 

a conversion drcuit that receives said pressure signal and outputs a flow 
signal IrxUcative of the gas flow rata through said orifice; and 

a gfiQ flow control circuit for generating said control signal, said gas flow 
control circuit comprising 

a first circuit oonftgurad td receivB a desired flow Input signal and a 

caiitmllon signal* said first circuit for pixxjUQing a calibrated flow Input 

signal In response to said desired flow input sigrwl and said caiibration 

signal: 

a second circuit configured to compare said calibrated flow input 
signal ¥vith said flow signal to produce said control signal; and 

a third circuit to produce said calibration signal in response to said 
pressure and desired How input sIgp^I& 

15. The gas flow control apparatus of clain^ 14 wherein said tNrd circuit 
produces said caiibration signal in response to said temperature, pressure and 
de^red flow input signals. 

1 6. The gas flow control apparatus of claim 1 4 wherein said third circuit 
comprises a PID controiler- 

1 7.. The gas flow control apparatus of claim 1 4 wherein said 
temperatum^ineasurbig device comprises a thermocouple. 

1 a The gas flow control apparatus of claim 1 4 wherein said pressure 
measuring device comprises a manometer* 
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19. The gas flow control apparatus of claim 1 4 wherein said gas flow 
contix>l valvB includes an actuator that changes a valve disk position In response 
to said control signal. 

20. The gas flow control apparatus of claim 1 4 wherein $aU gas flow 
sensor comprises a pressure manometer. 

21 . The gas flow control apf>aratue of claim 1 4 wheroin said third circuit 
produces said calibration signal by statistically averaging said calibration signal 
with at least one prevtoua calibration signal corresponding to said desired fbw 
input signal. 

22. The gas flow control apparatus of claim 1 4 furttier including means 
for evacuating said gas from said gas flow path* 

23. The gas flow control apparatus of dalm 22 wherein said means for 
evacuating said gas from said gas flow path includes a vacuum pump. 
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3. Detailed Description of Invention 

WELD QP THE INVENTIQN 

The present Invention relates generally to a gas flow system and method 
for oontroiling a gas flow. More specifically* the invention relates to a self- 
calibrated dynamic gas flow control method and apparatus ior controlling the 
delivery of a gas to process chamt)er or other pointof-use location. 

BACKGROUND QFTHE INVgNTIQN 

it Is known that in many industrial processes it is necessary to control the 
specific amounts of gas and gas mixtures delivered to pocnt-of-use locations with 
a high degree of accuracy. Particularly, in semiconductor processing it has 
become increasingly important to control the specific mass of gases delivered 
during the fabrication of semiconductor devices. As the speed of next generation 
semiconductor devices Increases, and tiie size/dimension of next generation 
semiconductor devices decreases, the degree of accuracy and control over the 
fabrication of next generation semiconductor devices must increasa As the 
architecture of semiconductor devices fails below the three siiDmicron scale the 
semioonductor industry must fmd more accurate methods for delivering specific 
amounts of gas to a process chsirriber The use and iMnefits of the present 
Invention are described herein in relation to semiconductor processing, and more 
spedficaUy, to the delivery of a gas to a process chamber. It is appreciated, 
however, that such a description is merely illustrative and that the present 
invenUon is applicable In other fields where it is desired to precisely control the 
amount of gas being delivered to a point-of-use location. 
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Ona prior ait method for delivering a gas to a semiconductor process 
chambar includes the use of a Mass Flow Controller (MFC). Rgure 1 illustrates a 
prior art Mass Flow Controller (MFC) that is used to control gas flow. The MFC is 
calibratted to deliver a speciflo mass of gas to a process chamber wkhln a 
specified amount of time. For example, an MFC may be calibrated to deOver 100 
standard cubic centimeters per minute (scorn) of nitrogen gas {ISI2} to a process 
(^lamber. 

In order to control flow of gas the MFC divides the flow of gas between 
heated sensing tube (sensor) 110 and flow restriction bypass (f^ypass) 120. The 
MFC divides the flow of gas such that a majority of the gas flows through bypass 
120 and only a small portion of gas flows through sensor 1 10. 

Mass flow is measured in sensor 110. As the gas flow passes through 
heater coil (coil) 1 1 1 the gas piclcs up and carries heat toward heater coll (coil) 
1 1 2. The movement of heat by the gas develops a temperature difference 
between the two coils. Colls 1 1 1 and 112 are tx^ heaters but also act as 
re^stance temperature detectors (FTtDs) that measure the tempeiBture of the 
gas. Thus, as the gas flows t>etween coll 11 1 and coil 112. the change in 
temperature t>etween coll 111 and coil 1 12 is measured and can be correlated to 
the mass flow rate of the gas by the MFC control system 1 30. 

Onca the temperature difference is measured and the correialing mass 
flow rate of tfie particular gas is determined, control system 130 adjusts the 
posiUon of control vah^e 140. The position of corUrol valve 140 is set in order to 
ot)lain the desired (or calibrated) flow rate for the particular being used. 

One protrtem with the method associated with the MFC for delivering a 
specific mass of gas to a process chamber is the degree to which the MFC 
method is accurate Mr=C's are cunrently designed to njn at 40 to 80% of their 
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actual calibrated flow rate with an accuracy level of approximately 5%, For 
example, with respect to the MFC for N2 calHsrated with a flow rate ct 1 X socm, 
described above, that parHcular MFC Is designed to deliver N2 at ftow rates in the 
range of 40-80 seem. Outside the 40-80% range the accuracy level of the MFC 
falls off. Next generation semiconductor de>^es require fabrication processes 
with greater accuracy than the prior art MFCs. 

Another problem eussoclated with MFCs is that they offer a limited dynamic 
range. The dynamic range is the ratio of the maximum and minimum controlled 
flow rates. As menticxied above, most MFCs are designed to run at 40 to 80% of 
their actual calibrated flow rate to achieve an accuracy of approximately 5%. As 
such, the dynamic range of such devices is limited to a ratio of approximately 2 to 
1. 

Another problem with the MFC is that most processes require that the flow 
of gas to the process chamt)er has the ability to be controlled. In many 
applications, it is not desirable to deliver all of the ^s for a particular recipe to 
Ihe process chamber all at once. Likewise it may not be desirable to place a 
small portion of the gas into the process chamber at the be^nning of the process 
and a larger portion of the gas into the process chamtjer at the end of the 
procesa [or vice versa). Instead it Is desirable to deliver the gas to the process 
chamber at a controlled rate ^ a manner that optimizes the productivity of that 
pn>caas. Because the accuracy of the MFC decreases outside the 40-80% range 
of the particular MFCs calibrated flow rate, the degree of control over the delivery 
of tbe gas also deo^ases. 

Other methods and apparatus are used to deliver gases to point-of-use 
locations. For example, the use of a variable flow valve urKler the control of feed- 
back control loop is a common method lor oontrollbig the delivery of a gas to a 
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polnt-of-usa location. Rguro 2 illustrates a typical prior art gas delivery system 
employing a variable flow valve 210 under the control of a feed-back controller 
230. Gas is delivered from a gas sounoe to a polnt-of-use location 250 by 
adjusting the throat area of vaive 210 In response to a control signal 234. Control 
signal 234 is generated in response to a comparison between a desired flow 
Input signal 236 and a measured flow signal 220. The desired flow input signal is 
generally provided through a user interface or from a preprogrammed process 
recipe. Measured flow signal 220 is produced by a flow meter or other flow 
measuring device 220 located at a point downstream of variable flow valve 210. 

Over time the flow constant (Cv) of variable flow vafve 21 0 changes due to 
wear or deposit build-up. In addition, output signal 236 of flow measuring device 
220 changes over time for any given measured flow due to a phenomenon 
known as 'drift' The change in fbw constant, Cv. and the occurrence of "driff 
both act to reduce the accuracy of ttie flow control apparatus. As a result, 
currently available feed-back Itow control devices require the frequent 
implementation of time consuming rscalibration procedures to maintain the 
devices within acceptable accuracy ranges. Such calibration procedures are 
costly in that they result In process down time and require the use of well-trained 
technk^ans to perform the proceduie. 

Thus, what is needed is a method and apparatus that Is capable of 
detlverinarA ges ftowto a processing apparatus with a high degree of accuracy 
over a laii^ dynamk: range. 
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SUMMARY QF THg INVENTION 

A method and apparatus for contrdllng the delivery of a ga$ Irom a 
reservoir to a semiconductor process chamber is disclosed, in accordance with 
the present invention, a reservoir, having an inlet and outlet isolation valve and a 
krK>wn volume, Is filled with a gas upon the Initiation of process recipe step. The 
temperature and pressure of the gas in the reservoir are measured to determine 
an initial mass of the gaa residing within the reservoir. The flow of gas from the 
reservoir to the process diamber is meieied by a variable flow valve under the 
control of a self«cailbrating. dynamic flow control circuit comprising a flow control 
servo loop (flow control circuit) and a calibration servo loop (calibration circuit). 
The variable flow valve is situated in a gas flow path between the reservoir and 
process chamber at a point upstream of an orifice. In operation, gas is delivered 
to the process chamber by releasing the gas from the reservoir and directing the 
gas through the variable flow valve and sonic orifice and Into the process 
chamt>er. The flow control servo loop is used to dynamically control the vahat>le 
flow valve in response to a measured gas flow rate. When the flow of gas to the 
process chamber is terminated, the t^perature and pressure of the gas residing 
in the reservoir Is again measured to determine the final mass of gas residing in 
the reser^tr. The initial mass of gas and the flnai mass of gas values are 
compared to determine the actual mass of gas released from the reservoir during 
tfie recipe step. This value serves as an input to the calibration servo loop to 
update the system calbration constant. The execution o1 the calibration servo 
loop serves as a continuous self calibration of the dynamic servo loop. 

Upon a command to initiate flow at a desired flow rate, a desired flow Input 
signal is provided to a gain circuit The gain circuit receives a calibration signal 



(27) 



WmW- 1 1-45122 



. ^aH-^ : P » 8 AM- 0 e3 2 , ~ (14/34) 

from the calbratlon servo loop and correlates the desired flow Input signal to a 
stored nofninal gas flow rate and a corresponding voltage setpobnt and outputs 
the volta^ setpoint value as a calibrated desired flow signal. The calibrated 
desired flow signal serves as an input to a flow control servo loop. Concun-ent 
with, or at some time prior to generating the calibrated desired flow signal, the 
temperature and pressure of gae residing in the reservoir is measured to 
determine an initial mass of gas residing in the reservoir. Upon receiving the 
calBarated desired flow signal, the flow control servo loop adjusts the position of 
the variaUe control valve and gas is released from the reservoir by opening the 
reservoir outlet isolation valve. \AAien the flow rate of gas through the orifice Is at 
or above sonic speed, the flow rate of the gas f lowvig through the system Is 
measured by monitoring the pressure developed upstream of the orifice. A 
measured flow signal corresponding to the measured pressure is provided as an 
input to the flow control servo loop. The flow control servo flow loop, in turn, 
produces a flow control signal to control the throat area of tfie variable flow valve 
in response to the calit^ted desired flow signal and the measured flow signal. 

Upon a command to temnlnate flow, the reservoir outlet isolation valve is 
closed and the pressure and temperature of the gas in the reservoir Is measured 
to detemiine a final mass of gas remaining In the reservoir. A desired mass of 
gas to be released from the reserrair is determined by integrating the desired 
flow signal over the period of time in which the reservoir outiet isolation valve was 
open. Kriowbig the initial and final mass of gas in the reservoir permits an exact 
caioulatidn of the actual mass of gas released from the reservoir into the process 
chamt>er. A comparison of the desired mass of gas to be released from the 
reservoir end the actual mass of. gas released from the resen^oir results in the 
determination of a correctton/calibration factor. The calibration factor is used as 
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an input to the gain circuit to update or adjust the voltage setpoint corresponding 
to the desired flow rate tor the process step just completed. In other words, the 
voltage output setpoint pertaining to a particular nominal flow rate is updated 
upon the completion of each process recipe step to account for the difference In 
one or more previously derived actual flow rates and their corresponding desired 
flow rate. Hence, self-calttiratlon Is achieved tiy repeatedly updating the gain 
circuit setpoint values in response to precisely derived gas mass values. 

In another embodiment of the present invention, the gas fbw path located 
downstream of the reservoir outlet isolation valve is evacuated prior to releasing 
a gas from the reservoir. Evacuating the flow path serves to minimize the 
occurrence of flow spikes when gas is initially releaised from the resen/oir. 

Addition^ features and benefits of the present invention will l>ecome 
apparent from the detailed description, figures, and claims set forth below. 
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The present invention is illustrated by way of example and not limttatlon in 
the accompanybig figures. 
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DETAILED DESCRIPTION 

A method and apparatus Ibr controlling the delivery of a gas from a 
reservoir to a eemiconductor process chamber is disclosed, in the fbilcwing 
description, numerous specific details ere set forth such as specific materials, 
instnmentalfties, dimensions, etc. in order to provide a thorough understanding 
of the present Invention. It will be obvious, however, to one skilled In the art that 
these specific details need not t>e employed to practice the pmsenl invention. In 
other instances, wel known materials, apparatus, methods, etc., have not been 
descril^ed in detail in order to avoid unnecessarily obscuring the present 
invention. Additionally, it should be noted that although the present invention is 
dascrit)ed In relation to semiconductor proce^ing one with ordinary skill in the art 
will recognize that such a description Is merely Plustrativa and Is not intended to 
limit the invention. The specific processes and system described herein are only 
meant to help clarify one's under^ancfing of the present invention and to illustrate 
partk^ular emt^odiments in v/hich the present Bivention may be implemerted. It 
will be appreciated that the broader spirit and scope of the present invention, as 
set forth in the appended claims, may be applied to any type of process which 
seeks lie achievements attained tsy the present inversion. 

Rgure 3A illustrates a s^ematic diagpram oi a gas delivery system 300 in 
whk4) the present inventk)n may be utilized. In one emt>odiment a process gas 
Is d^tvered to a eemtoonduotor process chamber by releasing the gas from a 
reservoir ^SO of a known volume into a gas lk>w path containing a flow oontrol 
valve 356 and an orifice 360. A seif-calibrating. dynamte gas flow control circuit 
301 provides a control signal to the f tow control valve actuator 357 to control the 
flow of gas through the system. Actuator 357 may induda a servo motor, 
pneumatto controll^', solenoW, etc.. A pressure sensing device 358, such as a 
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capacitance manometer, is prcvided in the gas flow path 1o measure the 
pressure of the gas flowing through ttie system at a point upstream of orifice 360. 
When the flow of gas through orifice 360 is critical (at or above sonic speed) the 
pressure of the gas located upstream the orifice is related to the flow rate of the 
gas passing ttvough the orifice. In such an instance^ the measured gas flow rate 
is calculated upon ttte determination of the pressure upstream orifice 360 as 
measured by pressure sensing device 358. When the gas.flow through orifice 
360 Is not ciltlcai (beiow sonic speed), the flow of gas through the orifice is 
affected by the pressure in the piping downstream of the orifice. In such an 
Instance, the flow rate of gas passing through orifice 390 is a function of the 
pressure upstream and downstream of the orlfloe. 

Reservoir 350 contains an inlet isolation valve 352 and an outlet isolation 
valve 354. Gas is supplied to reservoir 350 from a main gas source 390. Gas 
may be directed from gas source 390 to process chamb»er 366 through reservoir 
350. Aitematively, gas may be supplied to process chamber 366 through a 
reservoir bypass valve 380« Reservoir 350 includes a temperature measuring 
device 314 and a pressure measuring device 316 that are used to measure the 
temperature and pressure of a gas residng within the reservoir. In one 
embodiment, temperature sensing device 314 comprises a thermocouple and 
pressure sensing device 316 comprises a capacitance manometer. It should Ise 
noted, that any device \<x measuring the temperature and the pressure within 
reservoir hik may be used in accordance wHh the concepts of the present 
invention. K Is also understood that atthough only a single temperature 
measuring device and a single pressure measuring device are illustrated in 
Figure 3. mora than one of each of the devices may be used ffi order to 
determine an average or a mean temperature or pressure of the gas within tlie 
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rasarvoir 360. AdditlonaUy. depending upon the size (or dimensions) of reservoir 
350, the placennent or positioning of tlie temperature and pressure measuring 
devices may vary in order to determine the temperature and pressure of the gas 
at the center, at the wall. etc... of resen/oir 350. 

A system isoiation valve 362 Is Included within the gas delivery system 
piphg to provide isolation between the gas delivery system and process chamber 
366. In cxie emtxxjiment. a vacuum source 365 Is coupled to the gas delivery 
system piping Isetwean valves 354 and 356. The vacuum source is used to 
evacuate gas and/or afr from the gas delivery system p^ing prior to initiathg a 
gas flow to chamber 366. The process of evacuating the gas delivery system 
p^ing prior to Initiatbig gas flow to the process chamber minimizes flow splices 
inherent in conventional gas delivery systems. Valve 364 is used to Isolate 
vacuum source 365 from the gas delivery system. In one embodiment, vacuum 
source 365 comprises a vacuum pump. An eductor. or any of a number of other 
gas evacuation apparatus known in the art, may also be used to remove 
entrapped gas and/or air from ttie gas delivery system piping. Although vacuum 
source 365 Is shown coupled to the gas delivery system piping ^tween valves 
354 and 356, i{ is s^reciated thai the vacuum source may be coupled to the gas 
deiiveiy system piping at any point between valve 354 and valve 362. - 

The flow of gas from resenrdr 350 to process chamber 366 is metered by 
variable flow oontrot valve 356 vMdh is under the control of the self-calibrating, 
dynamic 1km oontrd drcuit 301 . In one embodiment^ flow control circuit 301 
comprises a fioiiv control servo loop (flow control circuit) 308 and a calibration 
servo loop (caObratlon circuit) 326. The position of flow control valve 356 is varied 
by an actuator 357 that receives a control signal 31 0 from flow control circuit 308. 
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In accordance wfth the present invention, reservoir 350 is filled wtth a gas 
upon the initiation of process recipe step. Reservoir 350, which has a kmwn 
volume, is filled with a gas fay closing outlet isolation valve 354 and opening inlet 
isolation valve 352. After reservoir 350 is filled with gas* inlet isolation volve 352 
Is closed. The temperature and pressure of the gas in reservoir 350 are then 
measured to determine an initial mass of the gas residing within the reservoir at 
the beginning of the recipe step. Temperature sensing device 314 produces a 
temperature signal 31B that Is used as an Input to an arithmetic circuit 322. 
Pressure sensing device 316 produces a pressure signal 320 that is also used as 
an input to circuit 322. Upon receiving the Initial temperature and pressure 
signals 318 and 320 from sensors 314 and 316, respectively, circuit 322 
determines the initial mass of gas residing bi reservoir 350 u^'ng a gas equation 
of state. 

Process gas Is delivered to chamber 366 by releasing the gas from 
reservoir 350 by opening isolation valves 354 and 362. The process chamber 
pressure Is at a tower pressure than the gas pressure in reservoir 350. Hence, 
as a result of opening valves 354 and 362, a gas flow is directed through the 
control valve 356 and orifice 360 and into process dnamber 366. Flow control 
een/o loop 308 Is used to dynamically control the position of flow control valve 
356 in response to a measured gas flow rate signal 330 and a caDbrated desired 
flow Biput signal 306. As prevbusty discussed, the gas pressure measured at a 
point upsUeam orifica 360 is related to the flow rate of the gas passing through 
the orifice when the flow, rate is at or above sonic speed. In one embodiment, the 
correlation between the pressure measured by pressure sensing device 358 and 
the gas flow rate Is linearized and stored within an orifice Bnearlzatlon cb-cuit 332. 
In such an embodiment, the pressure signal 328 produced by device 358 Is used 
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as an input to drcuit 332. Circuit 332 converts pressure signal 328 into a 
measured flow signal 330 which serves as an input to flow control servo 308. 
The calibrated desired flow input signal 306 is provided to flow control servo 308 
by a gain circuit 304. A second pressura sensing device 370 may be positioned 
at a point downstream of ortfice 360 as shown In Rgure 3B. In this manner the 
differential pressure across orifice 360 may be determined and used as an input 
to ciicuil 332. in such an embodiment drcuft 332 converts the differential 
pressure signal 372 into the measured flow signal 330 which serves as an input 
to flow control servo 308. 

Upon a command to initiate flow at a desired flow rate, a desired flow input 
signal 302 is provided to gain circuit 304. Gain circuit 304 receives a calibration 
signal 303 from the calibration servo loop ^6 and conflates tiie desired flow 
input signal to a stored nominal gas flow rate and a corresponding voltage 
setpoint and outputs the voltage setpoint value as a callt>rated desired flow signal 
306. As noted above, the caQDrated desired fbw input signal 306 serves as an 
input to the flow control senro loop 308. Upon receiving calibrated desired flow 
input signal 306, flow control servo loop 308 compares signals 306 and 330 and 
produces control signal 310 to adiust the position of flow control valve 356. 

When the process rec9>e step is complete, the flow of gas frorn reservoir 
350 to process diamber 366 is terminated by closhg reservoir outlet isolation 
valves 354 and system isolation valve 362. Tlie temperature aind pressure of the 
gas residing to reserv<4r 350 Is agafai measured to determine the final mass of 
gas residBng in the reservoir. The temperature and pressure measurements are 
obtained via temperature and pressure sensing devices 314 and 316. The final 
mass of gas residing in reservoir 350 is calculated by circuit 322. Circt^ 322 
compares the Initial mass of gas and the final mass of gas residing in the 
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reservoir and produces an output signal 324 that represents the actual mass of 
gas released from the reservoir during the recipe step. Since a smail amount of 
gas IS trapped within the piping situated between valves 354 and 362, circidt 322 
may be configured to account for Uie amount of gas residing within the p«)ing 
when detemiining the actual amount of gas delivered to chamt^r 366. In high 
volumetric flow cases the amount of gas trapped within the piping between 
valves 354 and 362 may be Insignificant. In such situations it may not be 
necessary to account for the trapped gas when determining the amount of gas 
actually delivered to chamtser 366. Signal 324 serves as an input to calibration 
sen^ loop 326. 

A signal corresponding to the desired amount of gas to t>e released from 
reseivoir 350 during the recipe step Is determined by integrating the desired flow 
input signal 302 over the period of time In which the reservoir outlet isolation 
valve 354 was open during the recipe step. Integration circuit 334 performs the 
integrating function and generates a signal 336 that Is representative of the 
desired amount of gas to t>e released during the just completed process recipe 
step. A comparison of the desired mass of gas to t^e released from the reservoir 
(signal 336} and the actual mass of gas released from the resen^lr (signal 324) 
results in the determination of a correction/calibration signal 303 which' is 
determined by the calibration servo kx>p 326. In one embodiment, calibration 
servo loop 326 comprises a proportional integral derivative (PID) controller. 
Calibration signal 303 Is used as an input to gain circuit 304 to update or ad^ist 
the voltage setpoint corresporKiing to the desired flow rate for the process step 
Just completed. In other words, the voltage output setpoint pertaining to a 
particular rK>minal fk)w rate is updated uix>n the completion of 
redpe step to account for the difference in one or more previously derived actual 
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flow rates and their corresponding desired flow rat6< Hence, self-calibration is 
achieved by repeatedly updating the gain circuit setpoint values In response to 
precisely derived gas mass values. 

Because the present Invent ion. uses precisely derived values in 
determining the actual mass of gas delivered to the process chamber during a 
recipe step, the calculation of the system calibration constant sen/es as an 
absolute and Independent measure of the performance of the gas delivery 
system* For instance, it is known that the flow constant, Cv. of orifice 360 and 
flow control valve 356 changes over time due to themnal effects, wear, and 
particle build up. In addition, it is known that the output signal of Instrumentation 
devices, such as capacitance manometer 358, e)q3erlence drift whteh can affect 
the accuracy of the flow servo loop 308 over Xfme. Since the present inventkan Is 
capable of establishing a system calitMatlon constant that is independent of the 
variables Inherent in gas delivery system components, the present invention has 
the ability to control gas flow rates at accuracy levels that are much higher than 
those obtainable using MFC's or other conventk)nai flow control systems. 
Moreover, the dynamic range (ratio of the maximum controlled gas flow to the 
minimum controlled gas flow) of the gas flow delivery system Is greatly enhanced 
over the prior art methods. For example, conventtonal flow control devices have 
a dynamic range of 10/1 or less. Dynamic ranges in the range of 200/1 arnJ 
greater rnay be achieved with the gas fk>w delivery system and methods of the 
preserit IcTMntton. 

In some instances it may be desirable to bypass resen/oir 350.. In such a 
case, gas may be routed through reservoir bypass valve 380 and into process 
chamber 366 through control vaive 356. When reservoir 350 is bypassed. 
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previoufil/ derived calibration values are used in conjunction with other control 
parameters to control the flow of gas through flow control valve 366. 

tn the foregoing description, the self-calibrating, dynamic flow control 
syatem 301 has been described to Include a varlety of circuits that operate In 
conjunction with one another to produce a calibrated flow control signal. It is 
appreciated that the present invention Is not limited to the use of a specific set of 
control system components. For example, conventional electrical/electronic 
switching techniques and oonventkxiai solid slate microprocessor techniques 
may be used to control the flow of gas in aooordanoe with the methods of the 
present Invention. Such components may include a computer or microprocessor, 
a digital 5ignal:processor, firmware, digital hardware* discrete hardware, software 
routines, programmable hardware or Integrated circuits, output signal amplifiers, 
storage memory, etc.. In one embodiment control system 301 also includes look- 
up tables to aid in the initial positioning of control valve 356 at the beginning of a 
process recipe step. The look-up tables includes calftiratton information relating 
to the specific process gas being delivered and control valve positions that 
enable control system 301 to establldi the initial position of control valve 356 
when given the initial pressure and temperature of the process gas reskling in 
reservoir 350. II will also be obvious to one with orcflnary skill in the ar|, ttiat 
reservoir inlet isolatkxi vah^e 352, reservoir outlet isolation valve 354, system 
Isolation valve 362 and vacuum purge valve 364 may bB automatically operated 
by ttie same control system, or by different control systems. In one embodfrnent 
control system 301 operates the inlet and outlet isolation valves 352 and 354, 
respectively, abng with control valve 356. 

The prevtous descrfptk>ri has included the use of a temperature 
measurement in order to determirie the initial mass of gas and final mass of gas 
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residing within reservoir It is understood that such a temperature measurement 
18 hoi required when the gas deiivery system is operated under isothemial 
conditions. Therefore, if the temperature of gas in reservoir 350 Is field constant 
by a temperature control system, or oflier apparatus, there is no need to measure 
the temperature of gas as prescribed above. 

The size of orifice 360. the size of the throat (flow area) of flow control 
vah/e 366, and the size of reservoir 350 may vary depending upon the particular 
flow requirements of the gas delivery system, in one embodiment, the gas 
detivery system components are sized and oontroiled in order to maintain a 
pressure of between 2 to 10 psia upstream orifice 360. Controlling tfie pressure 
upstream of the orifice allows the user to control tlie dynamic control range of the 
system. 

Figure 6 illuslrates a flowchart representing the method used to control 
the flow of gas from reservoir 350 to process chamber 366 during a process 
recipe step in accordance with present Invention. Upon the Initiation of a process 
recipe step, a Desired Flow Input Signal 302 and a CaObration Signal 306 is 
provided to flow control cin^it 308 to produce a Cafibrated Desired Flow input 
Signal 310. Concurrent vrith, or at some time prior to generating the Calilxated 
Deaired Row Input Signal 310, reservoir 350 ts filled and tfie temperature and 
pressure d the gas in the reservoir is measured to detemiine an initial mass of 
gas residOrmbi tiie reservoir Upon receiving ttie Calibrated Desired Flow Input 
Signal, flow oontrol cax;uit 308 provides a Control Signal to flow control valve 356 
to adjust the position of the f tow controi valve. A gas flow from reservoir 350 to 
process chamber 366 Is initialed by open^g resen/oir outlet isolation valve 354 
and system isolation valve 362* The flow rate of the gas is measured by sensing 
the pressure of the gas at a point upstream of sonic orifice 360. A Measured 
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Flow Signal 330 is provided to circuit 308 which correspondd to the pressure 
measured by the pressure sensing device 358. Upon the completion of the 
process recipe step, the flow of gas from reservoir 350 to process diamt^er 368 
is terminated by closing reservoir outlet isolation valve 354. Tlie final mass of 
gas remaining In reservoir 350 Is detenmined by again measuring the 
temperature and pressure of the gas In the reservoir. The actual mass of gas 
released from the reservoir is then calcuiaited by subtracting the final mass 
calculation from the Initial mass calculation. An Actual Mass Signal 324 
representative of this calculation is provided to csdibratlon circuit 326. in 
conjunction wfth detenmlning the actual mass of gas dispensed from reservoir 
360. the desired mass of gas requested for the just completed recipe step Is 
calculated by integrating the Desired Flow Input Signal over a period of time in 
whidi gas was released from reservoir 350 into process diamber 366. This 
function is typically performed by an integrating circuit 334 which produces a 
Desired Mass of Gas Requested Signal 336. The Desired Mass of Gas Signal 
336 also sen/es as an input to calibration circuit 326. Upon receiving signals 324 
and 336, calibration circuit 326 determines an updated system calibration factor 
and produces a Calibration Signal 303 relating to a comparison between signals 
324 and 336. The updated Calit>ration Signal 303 is then used in a subsequent 
process recipe step to appropriately adjust the Desired Row Input Signal 302 to a 
Calibrated Desired Flow Input Signal 306. 

In one emtXKllment, the portion of the gas delivery system 300 that is 
located between isolation valves 354 and 362 Is evacuated prior to initiating a 
gas flow from reservoir 350 to chamber 366. Evacuation of gases and^or 
entrapped air from the system is achieved by opening purge isolation valve 364 
to permit a vacuum to be dravm on the system by a vacuum pump, or other 
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vacuum source. As previously noted, evacuating the flow path serves to 
minimiza the occurrence of flow spikes when gas is initially released from the 
reservoir into the process chamber. 

The foregoing description has been limited to a gas delivery system arid 
method wherein gas is delivered from a reservoir of a known volume to a single 
gas flow channel. It is to be understood, however, that the gas delivery system of 
the present invention is not limited to the delivery of gas through a single gas flow 
ooniroller. Rgure 4. a gas flow control system wherein the teachings of the 
present Invention are used to deliver gas from a reservoir 550 to a plurality of gas 
flow channels 570 and 572. Although Figure 4 Illustrates a gas flow control 
system containing two separate flow channels 570 and 572, it Is appreciated that 
the present invention is not limited to such an embodiment and may include any 
number of gas flow channels connected to one or more process chambers. 

In the system of Figure 4, a process gas may be delivered from resen/oir 
550 to either of process chambers 666a or 5e6b by releasing a gas from the 
reservoir into either of gas flow channels 570 or 572, respectively. A gas source 
590 or mutt^le gas sources (590 and 594] simply gas to reservoir 550. in some 
instances it may be desirable to direct a gas through either gas flow channel 570 
or 572 without the gas first pass^g through reservoir 550. Reservoir bypass 
valves 580a and 5B0b are provided in the gas supply piping to permit such a flow 
scheme. Gas flow channer570 inc&KJes an isolation vah/e 555a« a flow control 
vatve 556a« a pressure sensing device 558a, an orifice 560a, and a system 
isolation valve S62a. S&nilarly, gas flow channel 572 includes an isolation valve 
5S5a, a flow control valve 556b, a pressure sensing device 558b. an orifice 560b, 
and a system isolation valve 562b. A second pressure sensing device (not 
shown) may be included in both gas flow channels 570 and 572 at a point 
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downstream of orifices 560a ard 56C»>, In accordance with the present invOTlion, 
a seif*calibrating, dynamic gas flow control circuit 501 provides a controi dgnai 
510a or 510b to either of flow control valve actuators 557a or 557b to control the 
flow of gas to process chambers 566a or S6eb, respectively. 

Reservoir 550 contains an ffifet iisolation valve 552 and an outlet Isolation 
valve 554. Reservoir 550 also Inckides a temperature measuring device 514 and 
a pressure measuring device 516 that are used to measure the temperature and 
pressure of a gas residHrig wHhh the reservofr. 

When a flow of gas from reservoir 550 to process chamber 566a is 
desired, the gas flow is metered by variable flow control valve S56a which is 
under the control of actuator S57a. Conversely^ when a flow of gas from 
reservoir 550 to process chamber 566b is desired, the gas flow Is metered by 
variable flow control valve 556b which is under the controi of actuator 557b. Two 
flow control servo loops 50Sa and 608b are mciuded within circuit 501 to provide 
control signals 5 1 0a or 51 Ob to actuators 557a and 557b. respectively. Each of 
flow control seno loops 508a and 508b function in a similar manner to the flow 
oontrd servo ioop 308 descrbed in Figure 3A. Ftow control senro loop 508a 
receives as Inputs a caltbrallon signal 506a and a measured gas flow rate signal 
530a. An orifice linearization drcuit 532a produces signal 530a In re^onse to a 
measured pressure signal 528a. Flow control servo ioop 508b receives as (r^uts 
a calbraliOA signal 506b and a measured gas flow rate signal 630b« An orifice 
Ihearizatlon circuit 532b produces signal 530b In response to a measured 
pressure signal SZBb. 

In accordance with one embodiment of the present invention, reservoir 
550 is filled with a gas upon the initiation of process redpe step. Reservoir 550. ' 
which has a knowri volume, Is filled with a gas closing outlet Isolation valve 
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554 and openoig inlet isolation valve 552. After resenroir 550 is fifled with gas, 
Inlet Isolation valve 552 Is closed. The temperature and pressure of the gas In 
resen^oir 550 are then measured to dtf ermine an initial mass of the gas reskfing 
within the resen/oir at the l^eginning of the recipe step. Temperature sensing 
device 61 4 produces a temperature signal 518 that is used as an input to an 
arithmetic circuit 522. Pressure sens&ig device 516 produces a pressure signal 
520 that is also used as an input to circuit 522. Upon receiving the initial 
temperature and pressure signals 518 and 520 from sensors 514 and 516, 
respectively, circuit 522 detemnines the initial mass of gas residing in reservoir 
550 using a gas equation of state. 

Process gas may be delivered to either of process chambers 566a or 566b 
through reservoir 550. For example, gas is deUvered to process chamber S66a 
by releasing a gas from reservoir 550 by opening reservoir outlet isolation valve 
554 and gas flow channel 570 isolation valves 555a and 562a. Since the 
process chamber pressure is at a lower pressure than the gas pressure In 
reservoir 550, a gas flow is directed through the control valve 556a and orifice 
560a and into process chamber 666d* Flow control servo loop 508a is used to 
dynamically control the p>osition of flow control valve 556a In response to a 
measured gas flow rate signal 530a and a calibrated desired flow Input s^nal 
506a. When the flow rate of the gas passing through orifice 560a is greater than 
sonic spoQfd, the gas pressure measured by pressure sensing device 558a is 
related tc^lj^flow rale of the gas passing through orifice 560a. In one 
embodiment^ the correlation between the pressure measured by pressure 
sensing device 558a and the gas flow rate is linearized and stored within an 
orifice linearization circuit 532a. in such an embodiment, the pressure signal 
528a produced by device 55Ba is used as an input to circuit 532a. Circuit i532a 
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oonvefts pressure signal S28a into a measured flow signal 530a which serves as 
an Input to flow control servo S08a. The calbrated desired flow Input signed S06a 
is provided to flow control sen^ S08a by a s^in circuit S04a. As noted above, a 
second pressure sensing device (not shown) may be positioned at a point 
downstream of orifice 560a so that the differential pressure across orifice 560a 
may be determined and used as an input to circuit 532. In such an embodiment 
circuit 532 receives a differential pressure signal and converts the signal into a 
measured (low signal 530a which serves as an Input to flow control servo 508a. 

Upon a command to hitiate flow at a desired flow rate to process Camber 
566a, a desired flow friput signal 502a is provided to gain circuit 504a. 
Conversely, when a gas flow is chosen to t>e directed through flow channel 572 
and into process chamt>er 5665. a signal 502b is provided to gain circuit 504b. 
When gas flow channel 570 is selected to receive a gas flow from reservoir 550, 
gain circuit 504a receives a calibration signal 503 from the calibration servo loop 
526 through a multiplexer 507 and oorielates the desired flow biput signal to a 
stored nominal gas flow rate and a corresponding voltage appoint and outputs 
ttie voltage setpoint value as a calibrated desired flow signal 506a. Multiplexer 
507 directs signal 503 to eltlier gain circuit 504a or 504b depend'oig upon ttie flow 
channel that Is selected to receive gas from reservoir 550. As noted abova^ the 
calibrated c^ired flow input signal 506a serves as an input to ttie flow control 
sen/o loop 508a. Upon receiving calibrated desired flow input signal 506a« flow 
control seoAD loop 508a compares signals 506a and 530a and produces control 
signal 51 Oa to adjust the position of flow control vatve 556a. 

When the process recipe step is compiete> the flow of gas from resen^olr 
550 to process chamtier 566a is terminated by closing reservoir outlet Isolation ' 
valve 554a and channel isolation valve 5S5a and 562a. The temperature and 
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pressure of Vtio gas residing in reservoir 550 is again measured to determine the 
final mass of gas residing in the reservoir* The temperature and pressure 
measurements are obtained via temperature and pressure sensing deuces 514 
and 516. The final mass of gas residing In reservoir 550 is calculated by circuit 
522. Circuit 522 compares the initial mass of gas and the final mass of gas 
residing In the reservoir and produces an output signal 524 that represents the 
actual mass ol gas released from the reservoir during the recipe step. Since a 
smaJI amount of gas is trai^ped withni the piping situated between valves 554a 
and 562a. circuit 522 may be configured to account for the amount of gas 
residing within the piping when determining the actuial amount of gas delh/ared to 
chamber 566a. Sl^ial 524 serves as an input to calibration servo loop 528. 

A signal conresponding to the desired amount of gas to be released from 
reservoir 550 during the recipe step is determined by integrating either the 
desired flow input signal 502a or 502b over the period of time In which the 
reservoir outlet Isolation valve 554a was open during the recipe step. Multiplexer 
505 may t>e selected to direct either of signals 502a or 502b to integration circuit 
534, depdhdir^ upon the gas flow channel that is chosen to receive gas from 
reservoir 550. Integration circuit 534 perfcmns the integrating function and 
generates a signal 536 that is representative of the desired amount of gas to be 
released durrig the just completed process recipe step. A comparison of the 
desired mass of gas to be released from the reservoir (signal 536) and the actual 
mass of released from the reservoir (signal 524) results In the determination 
of a correction/calibration signal 503 which is determined by the calibration servo 
loop 526. As previously discussed, calibration signal 503 is provided to either of 
gain circuits 504a or 504b through multiplexer 507. in one emtKxiiment. 
calibfBtion seivo loop 526 comprises a proportional integral derivative (PID) 
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controller. Calibration signal 503 is used as an input to gain circuit 504a to 
update or ad^st the voltage setpoint corresponding to the desired flow rate for 
the process step just conpieted. in other words, the voltage output setpoint 
pertaining to a particular nominal flow rate is updated upon the completion of 
eajch process recipe step to account for the difference in one or more previously 
derived actual flow rates and their corrasponding desired flow rate. Hence, self- 
calibration Is achieved by oonifriuously updating the gain circuit setpoint values in 
response to precisely derived gas mass values. Gain circuit 504a includes a 
memory device for storing the updated setpoint values. A gas flow from reservoir 
550 to process chamber 566b is controlled in a Gke manner* When process 
chamtser S66b Is selected to receive a gas flow from reservoir 550, multiplexer 
505 directs signal S02b to Integratlori circuit 534 and multiplexer 507 directs 
calibration signal 503 to gain circuit 504b. 

In accordance with one embodiment of the present invention, a gas flow 
may be delivered to one gas flow channel (570 or 572) from reservoir 550, while 
the same gas or another gas is being delivered to the other gas flow channel. 
For example, gas from gas source 590 may be directed to reservoir 5e6a through 
reservoir 550 while another gas from gas source 594 is being delivered to 
process chamber 566b. An tsclation valve 598 Is provided t>etween gas source 
isolation valves 592 and 596. In such an embodiment gas source isolation valve 
592 is opened while fiBhg reservoir 550 and valve 503 is closed. Gas is directed 
from reservoir 550 through flow channel 570 by opening reservoir outlet Isolation 
valve 554 and channel Inlet isolation valve 555a. . While gas is being supplied to 
process chamber 566a, another gas Is delivered to process chamber 566b 
through flow channel 572. Gas is supplied to flow channel 572 by opening gas 
source isolation valve 596 and reservoir bypass valve 580b. In this manner, flow 
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may be simultaneously db-ected through flow channels 570 and 572 and into 
prooess chambers S66a and 556b, respectively. Gas flow through flow channel 
570 is controlled by flow control valve 556a In accordance with the self-calibration 
flow control method described above. while the gas flow through flow channel 
572 is controlled by flow oontroi valve S56b using previously derived calibration 
values. Although Rgure 4 illustrates a gas flow system having two gas sources 
and two gas flow channels, it is appraciated tfiat any number of gas sources and 
gas flow channels may be Incorporated Into the gas delivery system without 
deviating from the spirit and scope of the Invention. 

In one embodiment a vacuum source 565 is coupled to the gas delivery 
system piping between reservoir outlet Isolation valve 554 and gas flow channel 
Isolation valves 555a and 555b. The vacuum source Is used to evacuate gas 
and^or air from the gas deiivay system piping prior to initiating a gas flow to 
either of chambers 566a or 566b. Valve 564 is used to isolate vacuum source 
565 from the gas delivery ^em. Although vacuum source 565 is shown 
coupled to the gas delivery system piping at a point just downstream flow 
channel isolation valves 555a and S55b. it is appreciated that tire vacuum source 
may be coupled to the gas delivery system p^ing at any poirit t>etween resen/oir 
isolation veives 555a and 656b and chambere 566a arKi S66b. 

Whereas many alterations and modifteatipns of tiie present invention will no 
doubt become apparent to a person of ordinary skill h the art after ha^g read 
the foreg^itna descriptiori, it is to be understood that the various embodiments 
shovm and de8crit>ed by way of Illustration are in no way intended to be 
considered limiUng. Therefore, references to details of various embodiments are 
not Intended to limit the scope of the claims which In themselves recite only those 
features regarded as essential to the invention. 
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4. Brief Description of Drawings 

Figure 1 illustrates a prior art Mass Flow Controller (MFC) that Is usad to 
control gaa flow. 

Figure 2 Illustrates a typical prior art gas delivery system. 

Hgure 3A Illustrates a schematic diagram of one embodiment of the 
present invention. 

Hgure SB illustrates a schematic diagram of another embodiment oi the 
present invention. 

Rgiire 4 illustrates a sdiematic diagram of yet another embodiment of the 
present invention. 

Figure 5 Illustrates a flow chart of one embodiment of the present 
invention. 
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\ Start gas delivery recipe step j 



Provide a Desired Flow Input S}gnal and a Calibration Signal to a first circuit 
to produce a Calibrated Flow Input Signal 



Provide the Calibrated Ftow Input Signal to a flow control circuit that \ 
provides a Control Signal to a flow contrpl valve located in a gas flew path I 



Initiate a flow of gas into the gas flow path from a reservoir located upstream 

the flow control valve 



T 



Sens© the flow of gas in the aas flow path at a point downstream the flow 
control valve and provide a Measured Flow Signal to the flow control circuit 



I terminate the flow of gas from said reservoir | 

I 



Determine an Actual Mass of Gas relsased from the reservoir by comparing the 
mass of gas in the reservoir prior to step 403 to the mass of gas in the 

reservoir after step 405 



Determining the Desired Mass of Gas requested by Integrating the Desired] 
Flow Input Signal over a period of time behyeen step 403 and step 405 | 
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Comparing;the Actual Mass of Gas released from the reservoir to the Desired 
Mas^c^ Gas requested to determine the Calibration Signal for a subsequent 
'^^V ■ gas delivery recipe step 
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1. Abstract 

ABSTRACT QF THE PISCLQSURt: 

A method and apparatus for controlling the delivery ot a gas from a 
reservoir to a semiconductor process chamber. In accordance with the present 
Invention, a reservoir, having an inlet and outlet isolation valve and a known 
volume, Is llfled with a gas upon the initiation of process recipe step. The 
temperature and pressure of the gas in the reservoir are measured to detemnine 
an initial mass of the gas residing within the resen^oir. The flow of gas from the 
reservoir to the process chamber Is metered by a variable flow valve under the 
control of a self«callbrating, dynamic flow control circuit oomprising a flow control 
son^ loop (flow control circuit) and a calibration servo loop [calibration circuit). 
The variable flow valve is situated in a gas flow path t>etween the reservoir and 
process chamber at a point upstream of a orifice, in operation^ gas is delivered 
to the process chamber by releasing the gas from the reservoir and directing the 
gas through me variable flow valve and sonic orifice and into the process 
chamber. The flow control servo loop is used to dynamically control the variable 
fbw valve in response to a measured gas flow rate. When the flow of gas to the 
process chamber is terminated, the temperature and pressure of the gas residing 
in the reservoir is again measured to determine the final mass of gas residing In 
the resaivob'. The initiai massrand final mass of gas vaiues are compared to 
detemiina tfie actual mass ot gas released from the reseniolr during the recipe 
step. This value serves as an input to the calibration servo loop to update the 
system caBbration constant Tho execution of the calibration sen^ loop serves 
as a continuous self calibration of the dynamic servo loop. 

2. Representative Drwing 
Fig. 3A 



